Future changes in winter stationary waves are investigated using Coupled Model Intercomparison Project Phase 5 (CMIP5) models and a linear baroclinic model (LBM). The CMIP5 models showed a wave-like pattern of stationary waves from East Asia to the North Pacific and a weakening of horizontal divergence over the Maritime Continent. To investigate dynamical relationships among these changes, we performed LBM experiments using the zonal mean basic state and zonally asymmetric thermal forcing. The differences between the future and present experiments were similar to the changes projected by the CMIP5 models, although positions and amplitudes differed slightly. In addition, two of the LBM experiments showed that the change in the basic state explained most of the changes in the stationary wave, whereas the change in thermal forcing accounted for the eastward shift of the stationary wave. The storm track experiments conducted with the LBM to investigate the role of transient eddy feedback on stationary wave changes suggested that the feedback shifts the thermally forced stationary waves northeastward. This shift may explain the difference between the LBM experiments and the CMIP5 future projection.
Introduction
The tropical overturning circulations exert a considerable influence on large-scale extratropical circulations. For example, the intensity of the Hadley circulation affects the strength and position of the subtropical jet stream (Park and An 2014) , and divergent flow in the upper troposphere associated with the Walker circulation induces anticyclonic stationary waves to the north and south of the equator (Trenberth et al. 1998) . Therefore, it is important to investigate future changes in tropical circulation and their influences on regional climate systems. The Intergovernmental Panel on Climate Change Fifth Assessment Report (IPCC AR5; Collins et al. 2013) concluded that the Hadley and Walker circulation are likely to slow down by the end of the 21st century in response to global warming, but how they will affect regional circulation is not fully understood.
A few studies have investigated the influence of the slowed tropical circulation on East Asian winter circulation. Using Coupled Model Intercomparison Project Phase 3 (CMIP3) models with the SRES A1B scenario, Hori and Ueda (2006) suggested that poleward shifts of the subtropical jet stream and the Aleutian low would be associated with expansion of the local Hadley cell due to the weakening of the tropical circulation. Harada et al. (2013) analyzed CMIP5 models under the RCP4.5 scenario and showed that intensification of the subtropical jet stream over the Indochina Peninsula would be caused by weakening of the Matsuno-Gill pattern (Matsuno 1966; Gill 1980 ) in response to a slowed Walker circulation (Held and Soden 2006; Vecchi and Soden 2007) . They also suggested that changes in the planetary wave near Japan (Kimoto 2005 ) might be due to changes in Rossby wave propagation from low to high latitudes.
In this study, we investigated the responses of East Asian winter circulation to global warming from the viewpoint of stationary wave changes. As reviewed by Held et al. (2002) , stationary waves, defined as zonally asymmetric streamfunctions (i.e., deviations from the zonal mean), are formed by thermal, orographic, and transient eddy forcing under the prescribed zonal mean basic state. Following this dynamical paradigm, Stephenson and Held (1993) and Joseph et al. (2004) used coupled models to show that projected future changes in stationary waves reflect changes in thermal forcing and the basic state. Brandefelt and Körnich (2008) used CMIP3 model outputs as input to a linear barotropic model and reported that changes in the zonal wind significantly explained the stationary wave response. Using a similar linear barotropic model and CMIP3 models, Haarsma and Selten (2012) demonstrated that a weakening of the Walker circulation had a significant impact on the amplitude and position of extratropical stationary waves.
In this study, we used a linear baroclinic model (LBM; Watanabe and Kimoto 2000 Kimoto , 2001 to investigate the roles of changes in the basic state and thermal forcing on the changes in stationary waves in East Asia and the North Pacific in winter. In Section 2, we explain the dataset and the settings of the LBM experiments. In Section 3, we outline the future changes in stationary waves previously reported by Harada et al. (2013) . We present the results of the LBM experiments in Section 4. Finally, we present discussion and summary in Section 5.
Dataset and experimental settings
We used monthly data from the CMIP5 dataset (Taylor et al. 2012) . Following Harada et al. (2013) , 27 CMIP5 models, which exhibit good reproducibility of the tropical circulation, are selected (Table 1) . We define the present climatology as the average during the late 20th century (1981−2000) from a historical run, and the future climatology as the average in the late 21st century (2081−2100) based on the RCP4.5 scenario.
In Section 4, we used the LBM developed by Kimoto (2000, 2001) , which is based on the Center for Climate System Research, University of Tokyo/National Institute for Environmental Studies atmospheric general circulation model and composed of the basic equations for vorticity, divergence, temperature, and the logarithm of surface pressure. Schematically, the basic equations linearized about the basic state can be written as
where 
The EXP02 and EXP03 results are shown as differences from the EXP01 result: ψ pf − ψ pp and ψ fp − ψ pp . We conducted the LBM experiments (2)−(5) for each CMIP5 models, i.e., 4 ((2)−(5)) times 27 (CMIP5 models) experiments were performed. The results are shown as the ensemble mean and statistical significance are checked by the two-sided sign test.
Future projection by the CMIP5 models
Figures 1a, b show the present climatology and future changes (difference between the future and present climatology) of the 200 hPa and 850 hPa eddy streamfunctions (deviations from the zonal mean) in winter by the multi-model ensemble (MME) of the 27 CMIP5 models. These results are the same as Harada et al. (2013, their figure 3 ), but for a bigger region. At low latitudes, changes in the eddy streamfunctions display a baroclinic structure; a cyclonic (anticyclonic) response in the upper (lower) troposphere is located to the northwest and southwest of decreased divergence over the Maritime Continent (Fig. 1c) . Harada et al. (2013) showed that the changes in the streamfunctions were associated with weakening of the Matsuno-Gill response (Matsuno 1966; Gill 1980) . In contrast, at mid and high latitudes, the changes in the streamfunctions have equivalent barotropic structures and show a wave-like pattern from low to high latitudes.
The present and future climatology used for the LBM experiments as the basic state are shown in Figs. 2a, b. Robust temperature change is warming in the equatorial upper troposphere due to increased water vapor in the troposphere, leading to a stabilization of the equatorial troposphere (Vecchi and Soden 2007) . The temperature changes are associated with a rise of the tropopause, consistent with the upward and poleward shift of the subtropical jet stream (Fig. 2b) . Figures 3a, b show the vertically averaged thermal heating. A significant feature is an increase in thermal both from the steady response and forcing. Equation (1) can be solved by multiplying forcing F by the inverse matrix of the linear operator L (i.e., ψ = L −1 F). The basic state is the zonal mean climatology of the CMIP5 models, and thermal forcing is diagnosed from the thermodynamic equation using the three-dimensional wind and temperature distributions (Chan and Nigam 2009 ; see details in Supplement A). In this study, we used thermal forcing in low-latitude (30°S−30°N) to investigate the role of tropical circulation on stationary wave changes. Details of the experiment settings (e.g., horizontal resolution, numerical damping) are summarized in Supplement B.
In this study, we performed four different LBM experiments (EXP01−04) following Joseph et al. (2004) . EXP01 and EXP04 can be written as
where each ψ has two subscripts: the first subscript representing the zonal mean basic state and the second representing thermal forcing for the present ( p) and future (f ) climatology in winter (DJF). We defined future changes in the stationary wave response as ψ ff − ψ pp . The purpose of EXP02 and EXP03 was to investigate the roles of changes in the zonal mean basic state and thermal ]. Contours denote the present climatology in DJF, color shading denotes future changes, and hatching indicates areas where the changes are statistically significant at the 95% confidence level (two-sided sign test).
heating in the equatorial region, with the largest change occurring in the central to eastern Pacific, which may be related to changes in precipitation and sea surface temperature (not shown). As shown by previous studies (Vecchi and Soden 2007; Lu et al. 2008) , under the global warming, increase in zonal-mean heating is smaller than that in static stability in the tropics, resulting in slowdown of the Hadley and Walker circulations. The zonal-mean heating from CMIP5 models is shown in Fig. 3c for reference.
Linear Baroclinic Model experiments
The steady responses to thermal forcing in the EXP01 and EXP04 are shown in Fig. 4 . As explained above, the steady response is defined as deviation from the zonal-mean. The present experiment (EXP01; Fig. 4a , contours) simulated an anticyclonic stationary wave centered over the Philippines and a cyclonic stationary wave centered over the western Pacific. The future experiment simulated a similar pattern as EXP01, but with slightly different positions and amplitudes. The changes in the 200 hPa eddy streamfunction (EXP04; Fig. 4a, color shading) show a wavelike pattern from East-South Asia to the North Pacific with equivalent barotropic structure in the mid and high latitudes (not shown). The 200 hPa velocity potential (Fig. 4b) shows a weakening of horizontal divergence over the Maritime Continent. The LBM experiments using the multiple CMIP5 models as input indicate that the simulated patterns are robust among the models (hatched regions in Fig. 4) , i.e., most of the experiments simulate the same sign of the differences from the EXP01. It should be noted that the response in the upper troposphere did not change qualitatively when thermal heating in the mid and high latitudes (90°S−30°S and 30°N−90°N) was included, as well as when the maritime continent heating (30°S−30°N and 90°E−150°E) alone was used (not shown).
We present the results of EXP02 and EXP03 in Fig. 5 . The differences between EXP02 and EXP01, which highlight the role of changes in the thermal forcing, reveal eastward shifts of the divergence center (Fig. 5b ) and eddy streamfunction (Fig. 5a) , consistent with the eastward shift of the thermal forcing (Fig. 3b) . In contrast, the response in the EXP03 result, which highlights the role of changes in the basic state, is characterized by in situ weakening of the 200 hPa velocity potential (Fig. 5d ) and the 200 hPa eddy streamfunction (Fig. 5c) ; the amplitude of the response is decreased but their horizontal position is not changed significantly. The weakening of the horizontal divergence is due to significant increase in static stability in the tropics (Vecchi and Soden 2007; Lu et al. 2008) . Weakening of the zonal-mean Hadley ]: (a) vertical average from 1000 hPa to 100 hPa, (b) the same as (a), but for anomaly from the zonal mean, and (c) zonal mean. Contours, color shadings, and hatching are the same as in Fig. 1 . ]. Contours denote the response in EXP01 (using the present zonal mean basic state and thermal heating). Color shading shows difference in the response between EXP04 (using the future zonal mean basic state and thermal forcing) and EXP01. Hatching indicates areas where the differences are statistically significant at the 90% confidence level (two-sided sign test). ]. Contours, color shading, and hatching are the same as in Fig. 1. circulation may affects propagation of stationary wave from low to high latitude via the zonal-mean wind changes, although this is out scope of our study. Comparison between EXP02 and EXP03 shows that changes in the basic state dominantly account for the changes in the stationary wave simulated by EXP04 (Fig. 4a) .
Although the difference between EXP04 and EXP01 (Fig. 4a , color shadings) exhibit a similar pattern and are of the same order of magnitude as future changes projected by the CMIP5 MME (Fig. 1a) , slight differences are seen in the horizontal position of the eddy streamfunction. This suggests that the role of some other forcing, such as thermal forcing outside the tropics and transient eddy forcing, needs to be evaluated. As mentioned above, we can exclude the former, so we evaluate the role of transient eddy feedback on stationary wave changes by using the storm track model of the LBM package Kimoto 2000, 2001) .
The basic equations for the storm track model experiments are the same as those for LBM experiments (Section 2), but time-dependent tendency terms are included for the time integration. The basic state was the sum of the zonal mean basic state from the CMIP5 MME and the response to thermal forcing. The initial perturbation was given by normal random numbers on each grid for vorticity, divergence, and temperature. Time integrations were performed 50 times, and the 2−6 day average of the ensemble run was used to calculate transient eddy forcing (horizontal divergence of vorticity flux). Then we again performed present and future LBM experiments by using the transient eddy forcing and the three-dimensional basic state. Details of the storm track experiments are described in Supplement C. Figure 6 shows the results from the LBM experiments using transient eddy forcing. The present experiment (contours) simulated an anticyclonic and cyclonic response to the southeast and northeast of Japan. These responses are consistent with the position of the storm track (region where transient eddies pass frequently) and the associated vorticity forcing (Fig. S2) ; the storm track is located to the northern side and downstream of thermally forced anticyclone over the Philippines (Fig. 4a) , where baroclinicity is large. We can see that the eddy forced waves act to shift the thermally forced response northeastward; this shift should be due to the transient eddy feedback (Watanabe and Kimoto 2000) . The future experiment simulated a similar pattern, but both the anticyclonic and cyclonic stationary waves were shifted northeastward (Fig. 6, color shadings) , due to the northeastward shift of the thermally forced stationary wave (Fig. 4a ) and thereby change in baroclinicity (dominantly explained by change in distribution of zonal wind; not shown). These results suggest that changes in transient eddy forcing play an important role for the changes in the stationary wave. Indeed it seems that the CMIP5 result (Fig. 1a) can be mostly explained by sum of the thermally forced stationary wave (Fig. 4a) and transient eddy forced stationary wave (Fig. 6) . However, quantitative evaluation of the latter is difficult because the intensity of the forcing strongly depends on the settings of the storm track experiments. Moreover, the role of the transient eddy feedback should be considered secondary, because the storm track region is determined by the position of the thermally forced stationary wave as mentioned above.
Summary and discussion
The LBM experiments using the zonal mean basic state and ]. Contours denote the response in EXP01, color shading shows the difference between the response of EXP02 (a, b) or EXP03 (c, d) and EXP01. Hatching indicates areas where the differences are statistically significant at the 90% confidence level (two-sided sign test). zonally asymmetric thermal forcing simulated well the future changes in stationary wave projected by the CMIP5 models. It is also shown that the change in the zonal mean basic state dominantly accounts for the stationary wave changes, whereas the change in thermal forcing acts to shift the stationary wave eastward. The results of these LBM experiments using CMIP5 multi-model outputs are consistent with those of previous studies using a single climate model (Stephenson and Held 1993; Joseph et al. 2004) .
To investigate the role of other forcing, such as transient eddy forcing, we performed storm track experiments using the sum of the zonal mean basic state and the zonally asymmetric response to thermal forcing as the basic state. In response to transient eddy forcing, the thermally forced stationary wave is shifted northeastward in the present experiment. In the future experiment, the transient eddy-forced stationary waves are shifted northeastward in response to changes in thermally-forced stationary waves. This shift might explain the difference between the changes projected by the CMIP5 models and the response to thermal forcing in the LBM experiments. However, we consider the effect of the transient eddy feedback secondary because the storm track is formed to the north of thermally forced stationary waves. It should also be noted that the intensity of the transient eddy forcing is dependent on the settings of the storm track experiments, such as the numerical damping. In future work, the robustness of these experiments should be investigated.
Together with the result of Harada et al. (2013) , this study show that the projected slowdown of the Walker circulation and the associated decrease of horizontal divergence contribute significantly to the changes in the upper tropospheric stationary wave pattern. The response in the mid-latitudes has an equivalent barotropic structure and acts to weaken the near-surface pressure pattern that brings northwesterly winds near Japan. Hori and Ueda (2006) suggested that weakening of the local Hadley cell would contribute to the weakening of the Aleutian low. However, our study indicates that we should consider the role of stationary wave changes on regional climate systems. Although not shown in this study, changes in thermal forcing in the mid and high latitudes might influence the changes in lower tropospheric stationary waves such as the Siberian high. Furthermore, changes in orographically forced stationary waves are also important because an intensified jet stream in the upper troposphere (Fig. 2b) influence the path and wavelength of Rossby waves. Further studies are needed to investigate the causes of the stationary wave changes and their impacts on regional climate systems.
